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Abstract 17 
A considerable amount of energy is used in the building sector for air conditioning purposes. 18 
Additionally, the building sector contributes to the urban heat island (UHI) phenomenon which 19 
causes temperature rise in urban areas. Cool roof is an emerging passive cooling technology that 20 
can contribute to reduce the cooling energy use in buildings and to mitigate the UHI effects in 21 
the urban area. Cool roofs and reflective coatings, despite of being effective in terms of 22 
reducing the cooling thermal loads in buildings and decrease the UHI, can suffer from extreme 23 
thermal stress which negatively influences their lifespan and performance. Thermal energy 24 
storage (TES) is a promising technology which can be applied together with cool roof 25 
technology to decrease the extreme thermal stress due to solar radiation as well as providing 26 
thermal inertia to the building. In this study, simulation-based optimization will be used to 27 
optimize the PCM melting temperature when integrated into a polyurethane-based cool roof 28 
membrane to reduce the thermal stress of the cool roof and also to improve the annual energy 29 
performance of the building. The optimization results showed that the application of PCM and 30 
cool roof technologies together can reduce the severe thermal stress of the cool roof membrane 31 
when the optimization objective is the annual thermal stress of the cool roof. On the other hand, 32 
when PCM melting temperature is optimized to reduce the annual energy needs, higher annual 33 
energy savings could be achieved with acceptable reductions in the cool roof membrane thermal 34 
stress. 35 
 36 
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1. Introduction 38 
 39 
Global warming is a critical issue in the world which endangers the life on earth. Hazardous 40 
emissions such as CO2 are the main motivators of this negative climatic phenomenon. The 41 
building sector is responsible for consuming roughly 32% of the global final energy use and 42 
emitting roughly one-third of all greenhouse gas emissions [1,2]. 43 
In Europe, buildings consume about 40% of energy, of which 50% of this comes from heating, 44 
ventilation, and air conditioning. For this reason, reduction of space air-conditioning 45 
requirements in buildings is of a high importance to ensure the energy efficiency in this sector 46 
[3–5].  47 
Further on, a substantial rise in cooling energy demands is expected by 2050. The estimated 48 
growth in cooling demands is about 150% globally and about 300%-600% in developing 49 
countries [6]. Moreover, the building sector also contributes to the urban heat island (UHI) 50 
phenomenon in urban areas, in which elevated surface and air temperature could be felt in urban 51 
areas compared to outskirts [7]. Accordingly, a serious global effort towards energy efficiency 52 
in buildings is essential to decrease building energy demand growth while maintaining thermal 53 
comfort and improved quality of life for occupants both in indoor and outdoor environment.  54 
Passive cooling techniques could be effective methods to improve the cooling energy 55 
performance in buildings [8,9] by moderating the temperature fluctuations in building zones, 56 
thus offering long-term energy efficiency and indoor thermal comfort [10,11]. 57 
Cool roof is an emerging passive cooling technology which can contribute to reduce cooling 58 
demand in buildings and UHI effects. Further on, it can improve the thermal comfort of 59 
occupants, reduce the HVAC size, decrease the roof surface temperature, and extend the life of 60 
the roofing system [12,13]. Cool roofs have exterior surfaces or coatings that reduce solar 61 
absorption and increase thermal emittance. They maintain lower surface temperatures and 62 
decrease heat flows into the building [14]. However, the high solar reflectance created by cool 63 
roofs may increase heating energy requirements and building energy use during heating seasons 64 
especially in heating dominant weather conditions [14].  65 
Due to the importance of cool roofs for building energy efficiency enhancement, many 66 
important international building energy-efficiency standards such as ASHRAE 90.1, ASHRAE 67 
90.2, the International Energy Conservation Code, and California's Title 24 have adopted cool-68 
roof credits or requirements [15]. 69 
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In addition, many authors have investigated and analyzed the potential benefits that cool roof 70 
technology can offer to increase the cooling energy performance in buildings, and to improve 71 
the urban microclimate [16] based on experiments or simulation techniques [17]. For example, 72 
Stavrakakis et al. [18] experimentally and numerically analyzed the influence of the cool roof 73 
technology in a school building in Greece under Mediterranean climate zone. They concluded 74 
that the application of a cool roof can achieve annual energy savings up to 7.4%, and cooling 75 
energy savings up to 50%, when heat pumps are used.  In another study, Zinzi and Agnoli [19] 76 
numerically studied the effect of cool roofs on the energy performance of residential buildings 77 
in various Mediterranean cities using the DesignBuilder energy simulation software [20]. It was 78 
found that cool roofs could be considerably energy-efficient in the central and southern 79 
Mediterranean areas, particularly in insulated houses, where the increase of heating demand is 80 
limited. Further on, Gagliano et al. [33] investigated the thermal and environmental behavior of 81 
cool roofs, green roofs, and traditional roofs using numerical simulation. They found that both 82 
green and cool roofs can substantially contribute to energy saving and bring environmental 83 
benefits compared to highly-insulated typical roofs, which require thick insulation in 84 
comparison to cool roofs and green roofs to have better performance.  85 
Cool roofs and reflective coatings, despite of being effective in terms of reducing the cooling 86 
thermal loads in buildings and decreasing the UHI, can suffer from extreme thermal stress 87 
which negatively affects their lifespan and workability [22]. In fact, aging and weathering can 88 
reduce the solar reflectance of cool roofing materials. High temperatures can accelerate 89 
damaging chemical reactions and degradation in materials, cause loss of volatile components, 90 
and soften some polymers. Temperature fluctuations caused by solar radiation and weather 91 
conditions, either gradual or sudden can create thermal stress due to differential thermal 92 
expansion [21]. 93 
By the advent of technology and advancement in material science, new doors have been opened 94 
towards innovative design in the field of building science and renewable energies to achieve 95 
further energy efficiency in these sectors. Thermal energy storage (TES) is a promising 96 
technology that can enhance the energy efficiency in the building and industry sectors [23]. 97 
Particularly, TES is a technology which can lead to a low-carbon future by reducing the energy 98 
use in buildings due to their high thermal capacity and their capability to create a balance 99 
between diurnal and nocturnal energy demand [24]. TES materials can store a high amount of 100 
energy in terms of sensible heat and latent heat. Materials used for latent heat storage are known 101 
as phase change materials (PCM) [25–30]. PCMs are distinguished because of their high latent 102 
heat capacity which allows them to accumulate a high amount of energy in small temperature 103 
intervals resulting in a considerable increase in the thermal mass of building components or the 104 
building envelope when incorporated in it [31–33]. 105 
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Cool roof by itself is an innovative technology; however, when applied together with PCM can 106 
overcome some of its weaknesses, specifically, heat stress due to solar radiation and ambient 107 
temperature. So far, however, there has been little discussion about durability enhancement of a 108 
cool roof membrane using PCM in the literature.  109 
As an example, in a recent study, Pisello et al. [22] developed a new composite material made 110 
of a polyurethane liquid water resistant cool membrane enhanced with non-encapsulated PCM 111 
melting at 25ºC and with 148 kJ/kg heating of fusion, acting as shape stabilized thermal buffer 112 
additive. Afterwards, they experimentally analyzed the influence of TES on decreasing the 113 
thermal fluctuations of the polyurethane cool roof membrane under solar radiation hitting 114 
building roof surfaces. Their results showed that inclusion of PCM could improve the spectral 115 
reflectance in the near infrared region of the solar spectrum up to 10%, and could maintain the 116 
required flexibility of the membrane together with its superficial finishing characteristics. 117 
In another study, Roman et al. [34] compared the application of a cool roof and PCM in terms 118 
of UHI reduction and minimizing the heat flux entering from roof surfaces into the building. 119 
Their simulation results showed that the cool roof technology can effectively reduce the UHI, 120 
where the PCM technology can considerably reduce heat fluxes entering from roof surface into 121 
the building. In addition, they added that the combination of an asphalt roof with a PCM layer 122 
can be an effective solution to scale down UHI effects. 123 
Similarly, a simulation-based study carried out by Pisello et al. [35] compared four different 124 
roofing technologies with regards to their cooling energy benefits. Their solutions included roof 125 
covered with a bitumen sheet membrane, a roof covered with a cool membrane, a PCM-126 
integrated cool roof membrane, and a PCM-integrated bitumen membrane. It was concluded 127 
that a PCM-integrated cool roof membrane can reduce the cooling energy use by about 11%, 128 
whilst a PCM-integrated bitumen membrane can decrease the cooling needs up to 12.6% 129 
compared to the prototype with only bitumen membrane. 130 
The literature review carried out shows that combining cool roof and PCM innovative 131 
technologies can offer substantial cooling energy savings, and further on, can enhance the 132 
performance of the cool roof membrane. Actually, a trade-off between these two technologies 133 
can bring benefits from both the cool roof technology and PCM technology. In fact, the cool 134 
roof technology reduces solar heat gains into the building through their highly reflexive surfaces 135 
and accordingly decrease UHI phenomenon, and on the other hand, the PCM technology can 136 
store a high amount of heat coming from roof surface and more importantly moderate the 137 
temperature fluctuations in the cool roof membrane.  138 
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cool roof membrane and the PCM layer into the building roof, the building envelope was 169 
slightly modified. Table 1 and Table 2 show the roof construction properties of the reference 170 
building with only cool roof membrane (reference) and the building prototype enhanced with 171 
cool roof and PCM technologies (CR+PCM), respectively. The properties of the cool roof 172 
membrane were derived from the experimental study already performed by Pisello et al. [38]. 173 
The white cool roof membrane has 30% optimized white paste and presents a high solar 174 
reflectance value of above 85% (300-2500 nm). Also, the structural section of the CR+PCM is 175 
illustrated in Figure 2. In the present study, two macro-encapsulated panels of Rubitherm [39] 176 
with total thickness of 20 mm were considered. These panels are available in two thicknesses of 177 
10 mm and 15 mm weighting 0.5 kg per panel filled with RT PCM. The storage capacity of a 10 178 
mm of CSM panel is equivalent to 46 Wh/kg. Adding more than 20 mm of PCM may help to 179 
further decrease the cool roof membrane thermal stress, but it may create melting and freezing 180 
cycle issues.  181 
 182 
It should be noted that, since almost all zones with occupants of the building prototype are 183 
similar, in the present study, only one zone of the building prototype was considered for 184 
simulation to reduce the computational cost of simulations (Figure 1). The roof and external 185 
walls of this zone are exposed to outdoor boundary condition and the interior partitions are 186 
considered to be adiabatic.  187 
 188 
Table 1. Roof construction of the reference building. 189 
Layers Material D (m)  (W/m·K)  (kg/m3) Cp (J/kg·K) R 
(W/m2·K) 
1 Polyurethane cool roof 
membrane 
0.006     0.305     1144 1381 --- 
2 Insulation --- --- --- --- 0.0299 
3 Gypsum board 0.0127     0.1600 800     1090 --- 
     190 
Table 2. Roof construction of CR+PCM prototype building. 191 
Layers Material D (m)  (W/m·K)  (kg/m3) Cp (J/kg·K) R 
(W/m2·K) 
h 
(kJ/kg) 
1 Polyurethane cool roof 
membrane 
0.006     0.305     1144 1381 --- --- 
2 PCM 0.02 0.2 880 2000 --- 160 
3 Insulation --- --- --- --- 0.0299 --- 
4 Gypsum board 0.0127     0.1600 800     1090 --- --- 
     192 
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 219 
Table 3. Physical properties of Rubitherm CSM containing RT50 pure PCM [41]. 220 
Physical property Value 
Specific heat 2 kJ/kg·K 
Thermal conductivity (both phases) 0.20 W/m·K 
Melting area 45-51 ºC 
Heat storage capacity (Combination of latent and sensible heat in a 
temperature range of 43°C to 58°C) 
160 kJ/kg 
Maximum operation temperature 70 ºC 
 221 
To analyze the influence of various PCM peak melting temperature on the heat stress or 222 
temperature fluctuations reduction of the cool roof membrane, hypothetical PCM peak melting 223 
temperatures were considered from 10 ºC to 50 ºC with reference temperature at -20 ºC and 224 
melting range of 4 ºC. Moreover, the density change of the PCM due to liquid and solid 225 
transition was negligible and the PCM enthalpy was considered constant. Since a wide range of 226 
PCM melting temperature should be studied and this requires a considerable number of 227 
simulation and optimization, a methodology which was proposed by Saffari et al. [43] was used 228 
to iteratively select the PCM h-T curve which decreases the time-consuming process of h-T 229 
curve introduction to the simulation program at the beginning of each simulation with different 230 
PCM peak melting points, so that, simulation and optimization are continued until the optimum 231 
h-T curve is found.  232 
 233 
2.2.2 Air conditioning system 234 
 235 
A packaged terminal heat pump with constant volume fan control, direction expansion (DX) 236 
cooling coil, and electric heat pump according to baseline building HVAC system types 237 
recommendations of ANSI/ASHRAE/IES Standard 90.1-2013 [44] was selected to simulate the 238 
energy needs in the building. HVAC system schedules were matched to the occupancy 239 
schedules, and to control the indoor air quality, for all zones, a dual set point thermostat with 240 
dead-band operative temperature control was selected according to the recommended indoor 241 
temperatures for energy calculations of BS EN 15251 [44]. The thermostat control was set to 20 242 
ºC for heating and 26 ºC for cooling, as recommended for residential buildings and living 243 
spaces. Furthermore, relative humidity ratios for dehumidification and humidification were 244 
considered to be 60% and 25%, respectively, within the recommended design criteria of BS EN 245 
15251 [44] for the humidity in occupied spaces. 246 
 247 
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Tabares-Velasco et al. [53,54]. According to their findings, some cautions should be taken into 280 
account when simulating PCM such as: (1) short time steps equal or less than 3 minutes should 281 
be used; (2) PCM with strong hysteresis could not be accurately simulated; and (3) if accurate 282 
hourly analysis is needed, smaller node space (equal to 1/3 of the default value) should be used 283 
[70]. Further on, in many studies, simulation results obtained by PCM model of EnergyPlus 284 
were validated against experimental data. As an example, Auzeby et al. [55] validated the 285 
simulation results of indoor air temperature of their building model with field measured data 286 
from a greenhouse and a maximum error of 2.6 ºC, mean error of 0.1 ºC, and standard deviation 287 
of 0.7 ºC were found. Besides, Sage-Lauck et al. [56] validated their building energy model 288 
against measured data. Comparison of the observed room air temperature of the west unit of a 289 
house with the simulated room air temperature in a summer month showed 1.6 ºC and 1.0 ºC 290 
root mean squared error (RMSE) for hourly average zone temperature and daily maximum 291 
temperature, respectively. The disparities were considered to be due to uncertainties in 292 
occupants behavior or occupancy schedule.  In the current study, the simulation time step in all 293 
models was set to 1 minute and the node discretization of 3 was selected, otherwise inaccuracies 294 
may happen in simulation results [54]. 295 
 296 
2.4. Optimization  297 
 298 
A generic optimization program (GenOpt v3.1.1) [57] was selected because of its capabilities in 299 
solving optimization problems corresponding to the building energy performance, where 300 
parametric analysis is not feasible or efficient. GenOpt has gained increasing interest among 301 
authors [58,59] for its flexibility to interface with any simulation program that calculates the 302 
objective function with no need to modify or recompile either program, taking into account that 303 
the simulation program reads its input from text files and writes its output to text files; such as 304 
EnergyPlus. Optimization algorithms in GenOpt algorithm library could be selected optionally 305 
by user based on their need, or even new algorithms could be implemented into the program by 306 
advanced users. GenOpt has been developed to efficiently find the independent variables that 307 
yield better performance of physical systems. It performs optimization of a user-defined cost 308 
function such as, annual energy use, thermal comfort, etc. using various numerical optimization 309 
algorithms that could be chosen by the user.  310 
 311 
The cost function measures a quantity that should be minimized. Generally, the optimization 312 
problems addressed by GenOpt could be described as shown in Eq. 2:  313 
 314 
min௫∈௑ ݂ሺݔሻ           (2) 315 
 316 
11 
 
where	݂: ܺ → 	Թ	 is the user-specified objective function, X is a user-specified constraint set for 317 
ݔ, which consists of all possible design alternatives, and the cost function ݂ሺ൉ሻ measures the 318 
system performance. 319 
 320 
In the present study, the optimization design parameter is the peak melting temperature of the 321 
PCM layer of the roof, which is an independent continuous variable and can take any value on 322 
the real line, and is box-constrained between lower and upper bounds as shown in Eq. 3:  323 
 324 
X = ቄx	 ∈ 	Թ௡ቚ݈௜ ൑ ݔ௜ ൑ ݑ௜, ݅ ∈ ሼ1, … , ݊ሽቅ,       (3) 325 
 326 
where   െ∞	 ൑ ݈௜ ൏ ݑ௜ ൑ ∞	for ݅ ∈ ሼ1, … , ݊ሽ.     327 
    328 
where ݂:Թ௡ → Թ is the objective function, ݔ ∈ ܺ	 ⊂ Թ௡ is the set of design parameters, X is the 329 
possible set for x,	݈ ∈ Թ௡ is the lower bound, and ݑ ∈ Թ௡ is the upper bound for design options.  330 
 331 
In the current study, two different optimization scenarios were taken into account. In Scenario 1, 332 
it is intended to optimize the PCM peak melting temperature to reduce the annual sum of mean 333 
daily temperature of the cool roof membrane external surface. To do this, Eq. 4 was 334 
implemented into the EnergyPlus subroutine using EnergyPlus Runtime Language and EMS. 335 
Eventually, the optimization algorithm minimizes the heat stress function as shown in Eq. 5.  336 
 337 
∆ܶതതതത௔௡௡௨௔௟ ൌ ଵ௡ ∑ ቂ
ଵ
௛ ∑ ሺ ௠ܶ௔௫ െ ௠ܶ௜௡ሻ௛௧ୀଵ ቃ	
௡௜ୀଵ       (4) 338 
௧݂௦ሺݔሻ ൌ ∆ܶതതതത௔௡௡௨௔௟ሺݔሻ           (5) 339 
 340 
where ∆ܶതതതത௔௡௡௨௔௟ is the annual sum of mean daily temperature of the cool roof, n number of days 341 
in a year, h number of hours in a day, ௠ܶ௔௫ maximum temperature recorded in a day, ௠ܶ௜௡ 342 
minimum temperature recorded in a day, ௧݂௦ሺݔሻ the cost function to reduce the thermal stress of 343 
the cool roof membrane. 344 
 345 
On the other hand, the objective in Scenario 2 is to find an optimum PCM peak melting point to 346 
minimize the total annual electricity consumption of the heat pump. For this reason, the annual 347 
total electricity consumption of the heat pump was defined in the output parameters of 348 
EnergyPlus (Eq. 6) and then linked with GenOpt as the final objective function to be minimized 349 
(Eq. 7): 350 
 351 
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ܧ௧௢௧ ൌ ܧ௖ ൅ ܧ௛ ൅ ܧ௙	         (6) 352 
௧݂௢௧ሺݔሻ ൌ 	ܧ௧௢௧ሺݔሻ         (7) 353 
 354 
where ܧ௧௢௧ is annual total electricity consumption of the heat pump, ܧ௖, ܧ௛, and ܧ௙ are annual 355 
cooling, heating, and fan electricity consumption of the heat pump, respectively.  356 
 357 
To minimize the above-mentioned objective functions and solve the optimization problem, a 358 
hybrid optimization method based on generalized pattern search (GPS) [60] and particle swarm 359 
optimization (PSO) [61] algorithms, was selected. The GPS method compares each trial 360 
solution with the best previous solution. Further discussion can be found in Lewis et al. [62]. On 361 
the other hand, PSO algorithms are from a family of meta-heuristic population-based and 362 
stochastic optimization techniques initially proposed by Kennedy and Eberhart [61]. This hybrid 363 
global optimization algorithm initially performs a PSO on a mesh according to the user-defined 364 
number of generations	݊௚ ∈ ܰ. Then, it starts the Hooke-Jeeves GPS algorithm, using the 365 
continuous independent variables of the particle with the lowest cost function value. The 366 
advantage of this hybrid algorithm is since PSO algorithm is a global optimization algorithm, it 367 
is less likely to get trapped into the local minima, compared to Hooke-Jeeves GPS algorithm 368 
[63]. 369 
 370 
In the present study, von Neumann neighborhood topology, a population size of 25 particles 371 
with a maximum of 1500 generations, a seed of 1, a cognitive acceleration constant of 2.8, a 372 
social acceleration constant of 1.3, a velocity clamping with a maximum velocity gain of 4 and a 373 
constriction gain of 0.5 were defined in the optimization algorithm [63,64].  374 
 375 
2.5. Köppen-Geiger climate classification  376 
 377 
The updated Köppen-Geiger [65] main climates classification is used as a reference to the 378 
selected climates in the present paper. In this classification there are five letters to classify the 379 
world into five major climate regions according to the average annual precipitation, average 380 
monthly precipitation, and average monthly temperature which are A: equatorial, B: arid, C: 381 
warm temperate, D: snow, and E: polar. Moreover, the level of precipitation is defined as W: 382 
desert, S: steppe, f: fully humid, s: summer dry, w: winter dry, and m: monsoonal. More details 383 
are provided regarding temperature as h: hot arid, k: cold arid, a: hot summer, b: warm summer, 384 
c: cool summer, d: extremely continental, and F: polar frost.  385 
 386 
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Further on, as already discussed by Saffari et al. [43] other factors such as wind characteristics, 387 
solar radiation, precipitation intensity, amount of cloud cover, daily temperature extremes, and 388 
altitude above sea level should be taken into account when comparing the results in different 389 
climate regions. For instance, by the increase of global solar irradiance, the solar heat gains on 390 
the building surfaces and specifically roof surface increase that directly impacts the heat transfer 391 
into the building envelopes and the energy balance of the whole system. 392 
 393 
3. Results  394 
 395 
3.1. PCM melting temperature optimization to reduce cool roof membrane thermal 396 
stress 397 
 398 
In this section, the simulation-based optimization results to reduce the cool roof membrane 399 
thermal stress due to temperature fluctuations are presented (Scenario 1).  From the presented 400 
results it could be generalized that in all studied climate zones the utilization of PCM together 401 
with cool roof membrane can effectively reduce the annual average thermal stress of the cool 402 
roof membrane. The results presented in Table 4 show from 18% to about 30% reduction in the 403 
annual average thermal stress of the cool roof membrane surface. Additionally, it can be seen 404 
that the optimum PCM peak melting temperature to reduce the annual thermal stress of the cool 405 
roof membrane ranges from 10 ºC to 30 ºC. The authors of the present study would like to 406 
highlight that the benefits of PCM to reduce the thermal stress of the cool roof membrane is 407 
substantial in all climates if appropriate and optimized PCM melting temperature is used. This 408 
shows the high importance of numerical optimization when designing such advanced systems.  409 
 410 
For example, in Abu Dhabi, Madrid, and Hong Kong about 26% (4.5 ºC), 25% (4.1 ºC), and 411 
28% (2.1 ºC) of the cool roof thermal stress could be reduced by using PCM with peak melting 412 
at 30 ºC, 15 ºC, and 26 ºC, respectively.   413 
 414 
Moreover, it can be seen that some energy savings could be achieved in all climates except Abu 415 
Dhabi, Ankara, and Hong Kong. Further explanations for this fact could be the elevated outdoor 416 
temperature during night which prevents the PCM of being solidified. This could be seen in 417 
annual cooling energy savings in AbuDhabi which are -2.4 kWh.  418 
 419 
 420 
 421 
 422 
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Table 4. Optimum PCM melting temperatures to reduce the thermal stress of the cool roof membrane 423 
(Scenario 1). 424 
Köppen 
Geiger 
climate 
zone 
City ∆ܶതതതത௔௡௡௨௔௟ (ºC) ∆ܶതതതത௔௡௡௨௔௟ reduction(%) 
Tpeak 
PCM 
(ºC) 
Eheating 
savings 
(kWh) 
 
Ecooling 
savings 
(kWh) 
 
 
Etotal 
savings 
(kWh) 
Reference CR+PCM 
BSk Albuquerque 17.7 13.8 22.2 17.5 14.7 8.2 23.9 
BSk Midland  17.6 14.3 18.5 11.3 54.5 2.6 57.8 
BSk Ceduna  15.7 11.4 27.2 13.8 43.3 1.6 45.7 
BSk Del Rio  12.4 10.0 19.9 23.8 7.0 -1.4 6.3 
BSh Abu Dhabi  17.1 12.6 26.2 30.0 0.1 -2.4 -2.5 
BWh Phoenix  18.0 14.0 22.3 17.5 11.0 13.7 25.2 
BWh Las Vegas  16.4 13.4 18.2 10.0 29.9 4.9 35.6 
BWh Brisbane  14.0 9.9 29.1 20.0 10.8 6.9 17.8 
BWk Madrid  16.2 12.1 25.1 15.0 29.4 7.1 37.3 
Cfa Tokyo  13.6 10.7 21.0 15.0 39.6 1.3 41.8 
Cfa Perugia  10.7 7.6 28.6 17.5 -3.0 4.7 2.8 
Cfa Milan  14.4 10.7 25.8 16.3 21.0 5.9 28.2 
Cfa Berlin  9.4 7.1 24.3 13.8 18.0 1.5 20.9 
Cfa Johannesburg  15.5 10.3 33.6 16.3 35.3 0.8 36.7 
Cfb Paris  10.3 7.6 25.5 15.0 28.6 2.5 31.8 
Cfb Ankara  15.7 11.6 26.2 12.5 -23.2 3.1 -17.4 
Cfb Tehran  14.3 10.9 23.8 26.3 4.0 2.6 6.8 
Csb Seville  17.3 12.7 27.0 17.5 15.1 9.1 24.7 
Csa Barcelona  11.6 8.8 23.9 10.0 28.2 -0.1 28.6 
Csa Cagliari  11.6 8.7 25.0 20.0 7.6 4.8 12.7 
Csa Palermo  8.9 6.8 24.0 21.3 7.2 2.0 9.4 
Csa Nice  9.7 7.7 20.7 20.0 12.0 4.6 17.1 
Csa Adelaide 12.9 9.3 28.3 15.0 33.0 2.3 36.0 
Cwa Hong Kong  7.5 5.4 28.4 26.3 1.3 -3.3 -4.8 
 425 
To have a more detailed analysis of the influence of PCM on the thermal stress reduction of the 426 
cool roof membrane, the simulation-based optimization results for a summer day under Madrid 427 
climate condition is illustrated in Figure 5.  It can be seen that in case of not using cool roof nor 428 
PCM the roof surface temperature reached about 35 ºC, however, when the cool roof technology 429 
was used this maximum surface temperature reduced to below 25 ºC. Then, when the PCM with 430 
peak melting of 15 ºC was added into the roof construction the cool roof surface the temperature 431 
scaled down in hours with high solar radiation (09:00-16:00). The PCM interior node 432 
temperature shows the evolution of charging and discharging cycles of the PCM over 24 hours. 433 
Furthermore, it should be added that in case of No CR-No PCM the daily thermal stress of the 434 
roof surface was about 27 ºC, however, by adding a cool roof , this temperatures difference was 435 
reduced to 16 ºC, and eventually when PCM was incorporated into the roof construction 436 
together with the cool roof technology the daily thermal stress decreased to 11 ºC (in this 437 
specific summer day). 438 
 439 
 440 
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melting temperature to reduce the annual energy use is close to 10ºC, and in climates with 464 
higher cooling energy requirements such as Abu Dhabi the optimum PCM melting temperature 465 
is higher (20 ºC). These results are in close agreement with previous findings [43]. 466 
 467 
Another interesting fact that could be seen from these results is that, despite of optimizing the 468 
annual energy use, in all cities annual thermal stress reduction from 16% to 27% could be 469 
achieved. These thermal stress reductions of the cool roof membrane despite of being, in 470 
general, lower that the results presented in the last section when the melting temperature was 471 
optimized to reduce the thermal stress of the cool roof membrane, but still offer considerable 472 
benefits.  473 
 474 
 475 
Table 5. Optimum PCM melting temperatures to reduce the annual heat pump energy use. 476 
Köppen 
Geiger 
climate 
zone 
City ∆ܶതതതത௔௡௡௨௔௟ (ºC) ∆ܶതതതത௔௡௡௨௔௟ reduction 
(%) 
Tpeak PCM 
(ºC) 
Eheating savings 
(kWh) 
 
Ecooling savings 
(kWh) 
 
 
Etotal savings 
(kWh) 
Reference CR+PCM 
BSk Albuquerque 18 14.3 19.4 10.0 30.6 4.1 35.6 
BSk Midland  18 14.3 18.5 10.0 57.0 2.4 60.1 
BSk Ceduna  16 11.4 27.2 13.8 43.3 1.6 45.7 
BSh Del Rio  12 10.4 16.7 11.3 23.6 0.0 24.1 
BWh Abu Dhabi  17 13.5 21.1 20.0 0.1 12.0 12.3 
BWh Phoenix  18 14.8 17.4 10.0 23.3 6.7 30.6 
BWk Las Vegas  16 13.4 18.2 10.0 29.9 4.9 35.6 
Cfa Brisbane  14 10.3 26.2 13.8 26.7 1.5 28.5 
Cfa Madrid  16 12.4 23.2 10.0 39.1 5.0 44.9 
Cfa Tokyo  14 10.8 20.5 10.0 47.8 0.7 49.4 
Cfa Perugia  11 8.1 24.0 12.5 2.7 2.6 6.3 
Cfa Milan  14 10.9 24.0 10.0 34.8 3.0 39.3 
Cfb Berlin  9 7.1 24.3 13.8 18.0 1.5 20.9 
Cfb Johannesburg  15 10.3 33.4 15.0 38.3 0.5 39.4 
Cfb Paris  10 7.8 24.3 12.5 30.6 1.3 32.6 
Csb Ankara  16 12.4 20.5 20.0 51.5 5.5 57.2 
Csa Tehran  14 11.8 17.4 10.0 21.7 2.3 24.5 
Csa Seville  17 13.4 22.8 10.0 31.9 4.3 36.8 
Csa Barcelona  12 8.8 23.9 10.0 28.2 -0.1 28.6 
Csa Cagliari  12 9.0 22.3 10.0 22.8 1.6 24.7 
Csa Palermo  9 7.0 21.2 12.5 15.5 -0.4 15.4 
Csa Nice  10 7.7 20.4 11.3 20.6 -0.3 20.8 
Csa Adelaide 13 9.3 28.2 13.8 34.9 1.5 37.1 
Cwa Hong Kong  7 6.0 19.8 15.0 9.9 -2.5 7.5 
 477 
 478 
 479 
 480 
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3.3. Discussion 481 
 482 
Herein, one should take into account that two different objectives were considered and 483 
optimized using single-objective optimization method. The objectives were to minimize the 484 
annual thermal stress of the cool roof membrane and to reduce the annual energy use. It has been 485 
seen that optimizing the thermal stress of the cool roof membrane can offer interesting 486 
reductions in thermal stress in the cool roof membrane thanks to the PCM technology and 487 
optimized melting temperature, with some energy savings in all cities except some regions with 488 
negative annual energy savings. 489 
  490 
On the other hand, when the objective was to reduce the annual energy use, it was observed that 491 
apart from energy benefits, notable reductions in the thermal stress of the cool roof membrane 492 
could be achieved. So that, from these results it can be said that optimizing the annual energy 493 
use could be energy-beneficial with important effects on reducing the thermal stress on the cool 494 
roof membrane.  495 
 496 
Further on, it should be considered that in the present study the PCM was only considered in the 497 
roof construction and the energy saving benefits due to the application of PCM with optimized 498 
melting temperature may increase by applying the PCM technology as an integrated design into 499 
the building envelope. 500 
 501 
4. Conclusions  502 
 503 
Cool roof technology is an effective way to reduce the cooling energy loads in the building 504 
environment and to scale down the UHI effects in cities. Further on, higher thermal comfort 505 
could be achieved for occupants. Cool roofs and reflective coatings can suffer from high 506 
thermal stress which can reduce the performance of the cool roof membrane. In the current 507 
study, a simulation-based optimization was carried out to investigate, on one hand, the benefits 508 
of PCM to reduce the thermal stress of the cool roof membrane, and on the other hand, its 509 
influence on the annual total energy performance. 510 
 511 
The optimization results show that, in case of thermal stress optimization, under all studied 512 
climate zones, the application of PCM with meling temperature ranging from 10 ºC to 30 ºC 513 
with cool roof membrane as a thermal stabilizer layer can considerably decrease the annual 514 
thermal stress of the cool roof membrane (from 18% to 30%). 515 
 516 
18 
 
On the other hand, in case of optimizing only the annual energy use, higher energy savings from 517 
1% to 6% could be achieved by using PCM with melting temperature ranging from 10 ºC to 20 518 
ºC, however, also good reductions in the thermal stress of the cool roof membrane can be 519 
achieved. 520 
 521 
In general, if the objective is to protect the cool roof membrane from severe thermal stress, 522 
especially in summer, PCM with higher melting range is recommended for reducing the thermal 523 
stress of the cool roof membrane since it can be melted with elevated outdoor temperature and 524 
high solar radiation and during night when the outdoor temperature drops down it can be 525 
solidified, otherwise, if PCM with lower melting range is selected it could be hardly discharged 526 
during night. On the other hand, if the objective is to gain more annual energy savings, PCM 527 
with lower melting temperature is more appropriate to reduce the annual energy use since in 528 
winter with lower outdoor temperature and solar radiation it can store the solar energy during 529 
day and release it later when the outdoor temperature decreases. 530 
 531 
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